In this paper we describe the mRNA expression patterns of members of the bone morphogenetic protein (BMP) signalling pathway in the developing zebrafish ear. bmp2b, 4, and 7 are expressed in discrete areas of otic epithelium, some of which correspond to sensory patches. bmp2b and 4 mark the developing cristae before and during the appearance of differentiated hair cells. bmp4 is also expressed in a dorsal, non-sensory region of the ear. Expression of bmps in cristae is conserved between zebrafish, chick, and mouse, but there are also notable differences in ear expression patterns between these species. Of five zebrafish BMP antagonists, only one ( follistatin) shows significant expression in the otic epithelium. The type I receptor bmpr-IB shows localised expression in the ear epithelium. Mediators of BMP signalling, smad1 and smad5, are expressed in statoacoustic and lateral line ganglia; smad5 is also expressed at low levels throughout the ear epithelium. An inhibitory smad, smad6, is expressed laterally in the ear epithelium. Lateral line primordia and neuromasts also express bmp2b, 4, follistatin, smad1, and smad5. The conservation of bmp expression in cristae among different species adds weight to the growing evidence that BMPs are required for the development of the vertebrate ear. q
Results and discussion
Specialised areas of epithelium within the inner ear, the sensory patches, arise during the first 3 days of embryonic development in the fish, and function to detect sound and linear and angular acceleration (Haddon and Lewis, 1996) . Similar sensory patches on the body surface, which detect water motion, comprise the lateral line system (Raible and Kruse, 2000) . Members of the bone morphogenetic protein (BMP) family of signalling molecules and their pathway components are expressed in developing sensory patches in the ears of chick, mouse, and Xenopus Oh et al., 1996; Dewulf et al., 1995; Morsli et al., 1998; Kil and Collazo, 2001) . Functional studies suggest that they play important roles in chick inner ear patterning (Chang et al., 1999; Gerlach et al., 2000) .
The BMP signalling pathway is well-defined in zebrafish, with identified orthologues of most pathway components, and mutants corresponding to several of these (Bauer et al., 2001; Connors et al., 1999; Dick et al., 2000; Hild et al., 1999; Kishimoto et al., 1997; Mintzer et al., 2001; Nguyen et al., 1998; Schmid et al., 2000; Schulte-Merker et al., 1997) . Most studies have concentrated on early expression patterns and functions; otic expression is briefly mentioned in the original cloning papers (Bauer et al., 1998; Chin et al., 1997; Dick et al., 2000; Lee et al., 1998; Martínez-Barberá et al., 1997; Nikaido et al., 1997 Nikaido et al., , 1999b Schmid et al., 2000) . Here we report mRNA expression pattern details of the BMPs, their antagonists, receptors, and intracellular signal mediators for the zebrafish ear and lateral line. Data are summarised in Table 1. 1.1. bmps bmp2b is the earliest bmp to be expressed in the ear. At 18-20 h post fertilisation (hpf), when the otic placode has just cavitated to form a vesicle, bmp2b is expressed dorsolaterally (Fig. 1A,B) . By 24 hpf, bmp2b and bmp4 expression is concentrated laterally, at the anterior and posterior ends of the vesicle (Figs. 1C, E and 2C, D) . This is similar to the expression pattern of BMP4 mRNA in Xenopus, mouse, and chick ears at otic vesicle stages (Hemmati-Brivanlou and Thomsen, 1995; Morsli et al., 1998; Wu and Oh, 1996) . In the chick, these foci are interpreted to correspond to the developing anterior (superior) and posterior cristae . In the zebrafish, the first hair cells of the maculae arise in ventromedial positions, at the anterior and posterior limits of the pax2.1 expression domain (Haddon and Lewis, 1996; Riley et al., 1999) . These sites are close to where the lateral expression domains of bmps appear to abut the medial domain of pax2.1 expression ( Fig.   2A-D) . A 17 h fate map of the otic placode suggests that the anterolateral part of the placode can contribute to the anterior macula, anterior and lateral cristae, while the posterolateral part of the placode contributes to the posterior crista (Haddon, 1999) . The 24 h bmp expression domains are thus likely to include prospective crista, and possibly early macular, hair cells. Anterior/Posterior A, P A, P P P 2 (A, P)
a Three key stages of development are shown: 18 h, when the otic placode has just cavitated to form the otic vesicle; 24 h, when the first hair cells are differentiating in the maculae, and 48 h, when thickened regions of epithelium corresponding to the cristae are evident, prior to crista hair cell differentiation. Epithelial projections forming the semicircular canal system also appear at this time. 1, significant expression; (1), weak expression; 2, expression not detectable; nd, not done. Genes with ubiquitous or absent expression are not included. See text and Figs. 1-6 for details. At 27 hpf bmp2b and bmp4 expression is seen in a third ventrolateral domain (Fig. 1D,F) , and by 48 hpf it is clear that the three domains, marking thickened epithelium, correspond to the developing cristae (Fig. 1G) . Here, expression coincides with that of msxC ( Fig. 2F ; Ekker et al., 1992) , and persists as crista hair cells differentiate (at 60 hpf (Haddon and Lewis, 1996) ; Figs. 1H and 2I-L). Sections reveal that the thickening of the developing lateral crista (bracket, Fig.  2H ) is initially contiguous with that of the anterior macula (arrow, Fig. 2H ). Neither macula, however, expresses bmps at these stages (Fig. 2G,H,K) . This differs from the chick, where bmp4 initially marks all sensory patches . In the fish, bmp4 is also expressed in a dorsal, nonsensory area (Fig. 1F-H, arrowheads) .
By 72 hpf the crista sensory epithelium is pseudostratified, with hair cells positioned apically, and supporting cells spanning the epithelium. Expression of both bmp2b and bmp4 spans the epithelium; compare with brn3.1 (Sampath and Stuart, 1996) , which marks the hair cell layer only (Fig.  2J-L) . Occasionally it appears that cells with apically posi- , and bmp4, marking the presumptive lateral crista. Expression of all three markers spans the epithelium at this stage (brackets). This domain is lateral to the unlabelled anterior macula, with its apically-positioned hair cell nuclei (arrows). (I) At 72 hpf. Differentiated hair cells are found in the lateral crista (arrow; semicircular canal tissue is also now seen dividing the lumen of the ear). (J) Apically-positioned hair cells in the lateral crista and anterior macula, labelled with brn3.1, a hair cell marker (brackets). (K,L) bmp2b and bmp4 expression in the lateral crista is less discrete, still spanning the epithelium at this stage, apparently marking both hair cells (K, black arrowhead) and supporting cells (brackets). Arrows indicate the unlabelled anterior (K) and posterior (L) maculae. bmp2b is also weakly expressed in the epithelial projections forming the semicircular canal system (K, white arrowhead). Scale bar, 50 mm. tioned nuclei are labelled (Fig. 2K, black arrowhead) . We infer that bmps are probably expressed in both supporting cells and hair cells within the forming cristae at these stages. We do not know whether later expression segregates to one of these cell types. bmp2b also shows weak expression in the epithelial projections forming the semicircular canal system (Fig. 2K, white arrowhead) .
bmp7 has a different expression pattern to that of bmp2b and 4 in the zebrafish ear; expression is concentrated in a single posterior domain from 24-38 hpf, with weak expression ventrally (Fig. 1I-K) . This differs to the chick ear, where BMP7 is the earliest and most widespread marker, initially encompassing other domains of BMP expression .
BMP antagonists
We do not find expression of any of the three noggin homologues (nog1-3; Fürthauer et al., 1999) or the chordin homologue (Miller-Bertoglio et al., 1997; in or around the ear at 18 hpf, 24 hpf or 48 hpf (data not shown). Bauer et al. (1998) report weak nog3 expression in the ear at 48 h. In the chick, Noggin is expressed in periotic mesenchyme and weakly in part of the cochlear epithelium (Chang et al., 1999; Gerlach et al., 2000) .
follistatin, which may act as a BMP antagonist in the fish (Bauer et al., 1998) , is expressed in mesenchyme surrounding the otic vesicle at 22 hpf (Fig. 3A) , and in a discrete posterior region of the ear epithelium from 24 hpf until at least 48 hpf (Fig. 3B,C) . A similar pattern has not been reported in other vertebrate species.
BMP receptors
bmpr-IB (Nikaido et al., 1999b ) is expressed in the inner ear, initially widely at low levels ( Fig. 4A) and then in an anteroventral, medial domain, abutting the anterior macula (Fig. 4B-D) . bmpr-1A (Nikaido et al., 1999a ) is expressed throughout the ear epithelium at 36 hpf (data not shown). The type I BMP receptor alk8, and two zebrafish activin type II receptors, which may play a role in BMP signalling, are reported to be expressed ubiquitously at all stages examined (Bauer et al., 2001; Nagaso et al., 1999; Yelick et al., 1998) .
Intracellular mediators
Smads act downstream of BMP receptors. Smads 1, 5 and 8, together with Smad4, act positively, while Smads 6 and 7 inhibit BMP signal transduction (Attisano and Wrana, 2000; Massagué and Wotton, 2000) . From 24 hpf, smad1 and 5 expression is concentrated in the statoacoustic and lateral line ganglia (Fig. 5A,B) . smad5 is also weakly expressed throughout the head, including the ear epithelium (Fig. 5B ). smad6 (M.H., unpublished) is expressed laterally within the otic vesicle at 24, 48 and 72 hpf (Fig. 5C , and data not shown).
1.5. Expression of BMP pathway members in the developing lateral line system bmp2b, bmp4, and smad5 are weakly expressed in the developing lateral line system (Fig. 6A , Table 1 and data not shown). follistatin is strongly expressed in the migrating posterior lateral line primordium and nascent neuromasts (Fig. 6B) . (Table 1 ; data not shown). Scale bar, 50 mm. 
Materials and methods
WIK or AB wild-type embryos were used, except in Fig.  1G , which shows a phenotypically wild-type sibling from a con/1 £ con/1cross. Synthesis of digoxigenin RNA probes was carried out according to Boehringer instructions. Whole mount in situ hybridisations were carried out as in Oxtoby and Jowett (1993) . Sense probe experiments were performed for smad5, bmp4, and bmp2b (data not shown; in all cases, staining was negative). For bmp2b in situ hybridisations, PBS was replaced with MBST in the blocking buffer (100 mM maleic acid pH7.5, 150 mM NaCl, 0.1% Tween-20). cDNA used to make the smad6 probe (MH, unpublished) matches an estimated 0.9 kb EST in the Washington University database (fk08g05.x1 and fk08g05.y1; NCBI accession number AW466859), and is available on request. Sections were hand-cut. To visualise hair cells, embryos were stained as whole-mounts with FITC-phalloidin (Haddon and Lewis, 1996) , sectioned by hand and imaged with a Leica SP confocal microscope. Stages are given as hours or days post fertilisation (hpf/dpf) at 28.58C. 
